Mid-frontal theta activity underlies cognitive control. These 4-8 Hz rhythms are modulated by cortical dopamine and can be abnormal in patients with Parkinson's disease (PD). Here, we investigated mid-frontal theta deficits in PD patients during a task explicitly involving cognitive control. We collected scalp EEG from high-performing PD patients and demographically matched controls during performance of a modified Simon reaction-time task. This task involves cognitive control to adjudicate response conflict and error-related adjustments. Task performance of PD patients was indistinguishable from controls, but PD patients had less mid-frontal theta modulations around cues and responses. Critically, PD patients had attenuated mid-frontal theta activity specifically associated with response conflict and post-error processing. These signals were unaffected by medication or motor scores. Post-error mid-frontal theta activity was correlated with disease duration. Classification of control vs. PD from these data resulted in a specificity of 69% and a sensitivity of 72%. These findings help define the scope of mid-frontal theta aberrations during cognitive control in PD, and may provide insight into the nature of PDrelated cognitive dysfunction.
Introduction
Parkinson's disease (PD) involves both motor and cognitive symptoms. Compared to motor symptoms, cognitive symptoms are less treatable and have greater impact on quality of life (Lawson et al., 2016; Martinez-Martin et al., 2011) . There is a critical need to better understand cognitive impairments in PD. Mid-frontal theta band activity is thought to be a mechanism for cognitive control (Cavanagh and Frank, 2014) , and it is diminished in PD (Parker et al., 2015a) . However, it is unclear if mid-frontal theta activity is attenuated during executive demands in PD patients.
Mid-frontal theta activity (4 and 8 Hz) is particularly prevalent following novel stimuli, conflicting instructions, or after mistakes (Cavanagh and Frank, 2014; Schacter, 1977) . While mid-frontal theta power has been compared to an alarm bell signaling the need for control, synchronized phasic entrainment has been advanced as a mechanism for communication and implementation of control across brain regions (Cavanagh and Frank, 2014) . For instance, in both humans and rodents mid-frontal theta signals are modulated after errors during reaction-time performance, correlate with post-error adjustments, and coherent with single frontal neurons that control such adjustments (Cavanagh et al., 2011; Narayanan et al., 2013b) . Furthermore, midfrontal signals can engage and modulate subcortical processing in the subthalamic nucleus (STN) (Cavanagh et al., 2011; Herz et al., 2016; Kelley et al., 2018; Zavala et al., 2014) . Activity in this band can engage single neurons involved in cognitive processing and promote cognitive control in the frontal cortex as well as in the basal ganglia. At key task moments, bursts of theta activity can synchronize activity in the ventral tegmental area, amygdala, septum, and hippocampus. Thus, theta band processes may be used to communicate this need and subsequently implement such control across disparate brain regions. Thus, midfrontal theta is likely a key mechanism of cognitive control.
Recent work from our groups has indicated that mid-frontal theta activity depends on cortical dopaminergic input. Disrupting cortical dopamine in rodent models markedly impairs mid-frontal theta activity during interval timing (Kim et al., 2017; Parker et al., 2014 Parker et al., , 2015a Parker et al., , 2015b . PD patients have attenuated mid-frontal theta activity (Chen et al., 2016; Kim et al., 2017; Parker et al., 2015a) . For instance, during interval-timing tasks PD patients have less mid-frontal theta activity relative to controls (Kim et al., 2017; Parker et al., 2015a) . Similarly, PD patients fail to adapt to startling and novel stimuli and have less mid-frontal theta activity associated with this adaptation (Cavanagh
